ron is necessary for facilitation, and suggests that a Houston, Texas 77030 Hebbian mechanism is important for classical conditioning in Aplysia. Bao et al. (1998) confirmed a postsynaptic Since the pioneering studies of Pavlov, a major goal in contribution to the induction of associative plasticity neurobiology has been the elucidation of the cellular by showing that postsynaptic injection of the calcium mechanisms underlying classical conditioning, a form of chelator BAPTA attenuated associative facilitation of the associative learning. An important step in understanding sensorimotor connection. However, they also found that classical conditioning was taken in 1983, when Walters associative facilitation was attenuated by manipulations and Byrne (1983) and Hawkins et al. (1983) indepenof signaling cascades in the presynaptic sensory neudently described a possible mechanism for classical ron, consistent with the presynaptic induction mechanism identified previously (Ocorr et al., 1985; Yovell and conditioning in Aplysia that involved the associative enAbrams, 1992). A new model for associative facilitation hancement of synaptic strength (associative facilitation) might therefore involve a combination of non-Hebbian at identified synapses. This mechanism pointed to a and Hebbian induction mechanisms. To put the new presynaptic site for the induction of changes in synaptic results into perspective, it is useful to review the features strength, which did not appear to critically involve activof classical conditioning and some of the previous beity in the postsynaptic motor neuron. Moreover, these havioral and cellular findings in Aplysia. and other studies indicated that a mechanism for assoTypically, in classical conditioning, the behavioral reciative facilitation was an elaboration of mechanisms sponse of an animal to a conditioned stimulus (CS) is for nonassociative facilitation (i.e., sensitization). The altered by an unconditioned stimulus (US) when the CS resulting model of a purely presynaptic induction mechis followed immediately by the US. The US has two anism for associative facilitation contrasted with a effects. It reflexively produces a response (the uncondiwidely recognized proposal made by Donald Hebb in tioned response [UR]), and it modifies the animal's naive 1949, in which postsynaptic activity is required for the response to the CS, so that after paired presentation of induction of neural plasticity. Therefore, the mechanism CS and US the animal shows a conditioned response underlying associative facilitation observed in Aplysia (CR) to the CS. This form of learning is called associative was viewed as non-Hebbian.
. General Scheme of Associative Facilitation (A) Learning. Activity in one sensory neuron (SN1) is paired (CSϩ) with the reinforcing stimulus (US). Activity in SN2 is unpaired (CSϪ) with the US. The US itself acts 2-fold by activating the motor neuron directly, thus producing the unconditioned response (UR), and by activating a modulatory system (facilitatory neuron) that nonspecifically enhances the synaptic strength of both sensory neurons. This nonassociative facilitation is thought to contribute to sensitization in the behaving animal. The paired activity in SN1 results in a selective amplification of the facilitation caused by the US. (B) Memory. As a result of paired activity, the synaptic strength in the SN1 is enhanced, which increases its probability to activate the motor neuron and to produce the conditioned response (CR). Because activity in SN2 was unpaired with the US, the connection of SN2 is not specifically enhanced. unpaired), activate serotonergic facilitatory neurons and indicating that the properties of the motor neuron were not altered during facilitation. cause the release of serotonin (5-HT). Activation of serotonin receptors in the sensory neurons leads to casAt what biochemical site might spike activity in the sensory neuron exert its effect on the cAMP cascade cades of events, one of which includes increased synthesis of cAMP by adenylyl cyclase (AC), activation of triggered by 5-HT? It appears that the influx of Ca 2ϩ associated with the CS (spike activity in the sensory protein kinase A (PKA), and modulation of membrane channels and other effector proteins that contribute to neuron) interacts with a Ca 2ϩ /calmodulin-sensitive component of AC (Ocorr et al., 1985 ; Yovell and Abrams, enhanced transmitter release (reviewed by Byrne and Kandel, 1996) . The modulation by sensitizing stimuli re-1992), thereby amplifying the nonassociative facilitation induced by the US (5-HT). Evidence for a role of AC in sults in enhanced transmitter release and enhanced activation of the motor neuron in response to subsequent associative plasticity also comes from the Drosophila mutant rutabaga. This learning mutant lacks a Ca 2ϩ / action potentials in the sensory neuron.
To test the hypothesis that this mechanism for nonascalmodulin-sensitive AC (reviewed by Byrne, 1987; Hawkins et al., 1993) . Moreover, activation of AC has sociative facilitation also plays a role in associative facilitation, Ocorr et al. (1985) developed a biochemical anabeen shown to be the greatest when brief pulses of Ca 2ϩ are immediately followed by brief pulses of 5-HT. An log of the conditioning procedure for isolated clusters of sensory neurons. Paired presentations of high conattractive hypothesis is that this temporal specificity observed at the molecular level might be responsible centrations of potassium (to mimic the depolarizing effects of spike activity, [CS] ) and 5-HT (to mimic the for the temporal requirements of classical conditioning, which is generally the greatest when the CS immediately US) led to an enhancement of cAMP levels in sensory neurons that was greater than the enhancement proprecedes the US. Taken together, these previous studies pointed to a duced by 5-HT alone or unpaired presentations of high K ϩ and 5-HT. Additionally, experiments in which deponon-Hebbian mechanism for classical conditioning in Aplysia. It appeared that the associative facilitation was larization and 5-HT presentation were paired resulted in increased excitability and spike broadening (Eliot et an elaboration of nonassociative facilitation, that the site of induction and expression of this plasticity was al., 1994). Because these experiments were done in isolated clusters of sensory neurons, the results suggested presynaptic, and that AC in the presynaptic neuron was the molecular site of convergence (i.e., the coincidence that one site of induction of associative plasticity was presynaptic. Furthermore, earlier studies had failed to detector) for the CS and US pathways. Recently, however, evidence for a postsynaptic involvement in the detect a postsynaptic contribution to the induction of associative plasticity at the sensorimotor synapse (Cainduction of synaptic plasticity in Aplysia has emerged (Dale and Kandel, 1993; Lin and Glanzman, 1994) . Inirew et al., 1984) . Finally, a number of studies examining the expression of associative facilitation also directed tially, it was unclear how (or if) these findings could be related to the previous analyses of associative facilitaattention to the presynaptic neurons as the site for plasticity. For example, associative facilitation in cellular tion at the sensorimotor synapse. But now the study by Murphy and Glanzman (1997) provides the first evidence analogs of classical conditioning was accompanied by biophysical changes in the sensory neurons such as for a postsynaptic induction of associative facilitation under experimental conditions comparable to previous spike broadening (e.g., Hawkins et al., 1983) but not by changes in the amplitude of spontaneously released studies that led to the presynaptic perspective. A possible explanation for the apparent discrepancy between miniature excitatory postsynaptic potentials (mEPSPs) in cultured sensorimotor synapses (Eliot et al., 1994) , experimental evidence suggesting either Hebbian or A retrograde signal and two sites of coincidence detection are hypothesized. As in previous models, adenylyl cyclase (AC) in the sensory neuron detects coincidence of presynaptic Ca 2ϩ /calmodulin (CS) and activation through 5-HT receptors (US). In addition, NMDA receptor-gated channels detect coincidence of release of glutamate (CS) and postsynaptic depolarization (US). NMDAmediated Ca 2ϩ influx leads to release of a retrograde signal. The hypothetical retrograde signal acts presynaptically upon the interaction between Ca 2ϩ /calmodulin and AC.
non-Hebbian induction mechanisms for associative famechanisms in associative and nonassociative facilitation. Associative facilitation was induced by a single trial cilitation comes from the results by Bao et al. (1998) . Together these two studies lead to a revision of the of paired stimulation, whereas nonassociative facilitation was induced by unpaired stimulation or the US original non-Hebbian model for the induction of associative facilitation at Aplysia sensorimotor synapses.
alone. Injecting the postsynaptic neuron with BAPTA attenuated associative but not nonassociative facilitaUsing a cellular analog of classical conditioning, similar although not identical to the ones used earlier by tion. Essentially identical results were obtained when the postsynaptic neuron was strongly hyperpolarized Walters and Byrne (1983), Hawkins et al. (1983), and Carew et al. (1984) , Murphy and Glanzman (1997) conduring training, a procedure designed to block Ca 2ϩ influx through NMDA channels. This result appears to firmed that spike activity in the sensory neuron (CS), paired with nerve shock as reinforcing stimulus (US), be inconsistent with the finding by Carew et al. (1984) that hyperpolarizing the postsynaptic neuron to prevent produced associative facilitation of the sensorimotor connection. Surprisingly, application of APV during the spike activity during paired training did not block the induction of associative plasticity. This inconsistency training attenuated the facilitation produced by paired stimulation. APV had no effect on the facilitation promight be explained by the comparatively weak hyperpolarization used by Carew et al. (1984) , which might have duced by unpaired stimulation. Whereas these results are consistent with earlier evidence for a presynaptic prevented spike activity but not NMDA-mediated Ca 2ϩ influx. The complementary observation by Carew et al. induction of the nonassociative facilitation that contributes to sensitization, they suggest that induction of as-(1984) that postsynaptic spike activity paired with presynaptic depolarization was not sufficient to induce associative facilitation is critically dependent on postsynaptic mechanisms (i.e., Ca 2ϩ influx through NMDA sociative plasticity might be explained by the absence of a modulatory transmitter required for a presynaptic receptor-gated channels).
How can the results of Murphy and Glanzman (1997) component in the induction of associative plasticity at this synapse. Taken together, the results by Bao et al. be reconciled with the body of previous results at this synapse? One possibility is the existence of both pre-(1998) extend the study of Murphy and Glanzman (1997) and confirm the contribution of Hebbian plasticity to synaptic and postsynaptic induction mechanisms that work independently. Perhaps the greater stimulus intenassociative facilitation. Bao et al. (1998) next turned to an examination of sities used by Murphy and Glanzman (1997) differentially activated a primarily postsynaptic mechanism. Indirect presynaptic events. They confirmed the involvement of cAMP in mediating the expression of synaptic plasticity evidence that small procedural differences could affect the apparent induction mechanism comes from a study by showing that both associative facilitation produced by paired conditioning procedures and nonassociative of long-term associative plasticity at the sensorimotor synapse in culture (Schacher et al., 1997) . Another possifacilitation produced by unpaired conditioning procedures were attenuated by injection of a peptide inhibitor ble explanation is that both presynaptic and postsynaptic mechanisms concurrently mediate associative faciliof PKA into the sensory neuron. Finally, Bao et al. (1998) injected the Ca 2ϩ chelator EGTA into sensory neurons tation at this synapse. Indeed, the results of Bao et al. (1998) provide evidence for this second possibility.
and confirmed that Ca 2ϩ is important for associative but not nonassociative facilitation of the sensorimoUsing the sensorimotor coculture system in which activity in the sensory neuron is used as the CS and a tor synapse. This observation is consistent with Ca 2ϩ -dependent augmentation of cAMP levels in the presynbrief pulse of 5HT as the US (Eliot et al., 1994) ) and presynaptic induction of associative plaspostsynaptic induction mechanisms. Although a purely presynaptic induction mechanism has not been demonticity.
How do these two recent studies change our thinking strated in the Schaeffer collateral-CA1 synapse, a similar scenario involving the augmentation of the facilitatory about models of classical conditioning? The attenuation of associative but not nonassociative facilitation by effects of a retrograde signal (e.g., nitric oxide) by paired weak presynaptic activity has been suggested for LTP either APV, strong postsynaptic hyperpolarization, or postsynaptic injection of BAPTA clearly points to the at CA1 synapses (reviewed by Hawkins et al., 1993) . Future studies will have to determine exactly to what postsynaptic neuron as a site of induction for associative plasticity. But injecting Ca 2ϩ buffers into the presyndegree associative plasticity in preparations as different as hippocampal slices, sensorimotor neuron coculture, aptic neuron also blocks associative plasticity, which is consistent with presynaptic coincidence detection, the and isolated ganglia from Aplysia is related. It is appealing to speculate that the results from all these preparamechanism proposed for presynaptic induction (Carew et al., 1984; Ocorr et al., 1985; Yovell and Abrams, 1992;  tions converge onto a model of combined pre-and postsynaptic induction of synpatic plasticity, which would Eliot et al., 1994) . A parsimonious explanation that could integrate these findings is to posit the action of a retroindicate the existence of ubiquitous cellular mechanisms that contribute to forms of learning as diverse grade signal and two coincidence detectors (Figure 2 for classical conditioning? Such a conclusion would be premature. cAMP-mediated plasticity is unlikely to be Urban, N.N., and Barrionuevo, G. (1996) . J. Neurosci. 16, [4293] [4294] [4295] [4296] [4297] [4298] [4299] the only mechanism underlying associative facilitation. also been implicated in synaptic plasticity in Aplysia and other systems (reviewed by Byrne and Kandel, 1996) . It is intriguing that the recent results from the Aplysia sensorimotor synapse in the isolated ganglion and in culture closely parallel emerging studies of LTP in the CA1 and CA3 regions of the hippocampus. Whereas the expression of LTP at the mossy fiber-CA3 synapse appears to be presynaptic, conflicting results suggested either a presynaptic (similar to the one in Aplysia in that it critically involves cAMP) or a postsynaptic induction mechanism. Recently, Urban and Barrionuevo (1996) demonstrated that both mechanisms coexist at this synapse and that their recruitment is likely to depend on the stimulation protocol. This hypothesis of LTP induction at the mossy fiber-CA3 synapse is consistent with the hypothesis presented here, that associative facilitation of the sensorimotor synapse could involve both pre-and
